under anaerobic conditions and it enables anaerobic growth with urocanic acid as a sole terminal electron acceptor. The latter's capability can provide the cells of UrdA-containing bacteria with a niche where no other bacteria can compete and survive. Energy conservation in strict anaerobic bacteria and archaea was thought to be only mediated by substrate level phosphorylation (SLP). However, their energetics could not be completely understood, until in clostridia a flavin-based electron bifurcation process was discovered in 2008. Its later detection in methanogenic archaea and acetogenic bacteria as well as probably in sulfate reducing bacteria and benzoate degrading anaerobes demonstrates its fundamental importance in bioenergetics since the origin of life [1] . In butyric acid forming bacteria, an electron bifurcating reaction is catalyzed by electron transferring flavoprotein (Etf) and butyryl CoAdehydrogenase (Bcd); the two electrons of NADH (E' = −280 mV) bifurcate to the high potential crotonyl-CoA (E′ = − 10 mV) and the low potential ferredoxin (E' = − 500 mV). Reduced ferredoxin, the preferred electron donor of anaerobic bacteria and archaea, reduces protons to H 2 or generates ΔμNa + via the membrane bound Aerobic respiring bacteria gain ATP predominantly by substrate level phosphorylation (SLP) and by electron transport phosphorylation (ETP). In many of these organisms ETP is assumed to be the main contributor to ATP synthesis. This qualifies the ETP as a promising metabolic engineering target aiming at the design of energetically superior strains.
Energy conservation in strict anaerobic bacteria and archaea was thought to be only mediated by substrate level phosphorylation (SLP). However, their energetics could not be completely understood, until in clostridia a flavin-based electron bifurcation process was discovered in 2008. Its later detection in methanogenic archaea and acetogenic bacteria as well as probably in sulfate reducing bacteria and benzoate degrading anaerobes demonstrates its fundamental importance in bioenergetics since the origin of life [1] . In butyric acid forming bacteria, an electron bifurcating reaction is catalyzed by electron transferring flavoprotein (Etf) and butyryl CoAdehydrogenase (Bcd); the two electrons of NADH (E' = −280 mV) bifurcate to the high potential crotonyl-CoA (E′ = − 10 mV) and the low potential ferredoxin (E' = − 500 mV). Reduced ferredoxin, the preferred electron donor of anaerobic bacteria and archaea, reduces protons to H 2 Aerobic respiring bacteria gain ATP predominantly by substrate level phosphorylation (SLP) and by electron transport phosphorylation (ETP). In many of these organisms ETP is assumed to be the main contributor to ATP synthesis. This qualifies the ETP as a promising metabolic engineering target aiming at the design of energetically superior strains.
In this study, we use a data-driven model-based approach to achieve, for the first time, a quantitative characterization of energy formation in the industrial platform organism Corynebacterium glutamicum. This superior amino-acid producer possesses a respiratory type of energy metabolism with oxygen or nitrate as terminal electron acceptors. ATP can either be synthesized by SLP or by ETP with the membrane-bound F 1 F O -ATP synthase using the proton motive force (PMF) as driving force [1] . The respiratory chain of C. glutamicum contains two terminal oxidases for oxygen as terminal electron acceptor differing in proton translocation efficiency by a factor of three.
13
C-labeling experiments were performed with the wild type and a mutant that is solely dependent on ATP generated by SLP (ΔF 1 F 0 [2] ). Data were evaluated with 13 C metabolic flux analysis [3] . A comparison of the in vivo metabolic reaction rates revealed that SLP and ETP contribute equally to ATP generation. Additionally, the results predicted that 65% of the PMF is actually not used for ATP synthesis, possibly leaving room for improving the efficiency of the ETP and the product formation, e.g. by overexpressing the ATP synthase to increase the portion of PMF used by the ETP. Respiratory chains are composed of several membrane protein complexes, which can interact directly or via soluble and mobile redox proteins, working as electron shuttles. Central to aerobic respiratory chains is cytochrome bc 1 complex, which has quinol: cytochrome c oxidoreductase activity. In the Gram-negative bacteria Rhodothermus marinus, this activity is performed by the Alternative Complex III (ACIII) which belongs to a recently identified family of enzymes that performs an equivalent function to the bc 1 complex but is structurally distinct [1] [2] [3] . The gene cluster coding for ACIII is frequently followed by the gene cluster coding for oxygen reductases. In R. marinus membranes, it was observed that the ACIII and the caa 3 oxygen reductase are indeed structurally and functionally associated [4] .
References
In this study, we investigated the direct interaction between the ACIII and the caa 3 oxygen reductase and the interactions between the complexes and potential electron shuttles. For that we used the monoheme cytochrome c subunit of ACIII, the cytochrome c domain of caa 3 oxygen reductase, the high-potential iron-sulfur protein (HiPIP) and the periplasmatic monoheme cytochrome c. These protein-protein interactions were investigated by 1 H-NMR spectroscopy using the chemical shift perturbation methodology. The concept of the "Sodium World" was initially suggested to encompass modern organisms with sodium-dependent membrane bioenergetics [1] . Later, however, the phylogenomic analysis of rotary membrane ATP synthases has provided evidence for the evolutionary primacy of sodium bioenergetics [2] . This view was supported by identification of a new family of Na-translocating rotary ATPases (N-ATPases) [3] and by phylogenetic analysis of membrane pyrophosphatases [4] . If the bioenergetic realm of the anoxic Earth was a Sodium World indeed, one would expect a plethora of sodium translocating enzymes with diverse functions. We performed phylogenomic analyses aiming on evolutionary reconstruction of the constituents of the primordial Sodium World.
Analyses of several membrane transporter families, which contain both proton-dependent and sodium-dependent members, have shown that the ancestral forms of the transporters analyzed could be reconstructed as sodium translocating enzymes. These enzymes may have been initially involved in generation of sodium-motive force by removing, out of the cells, acidic waste products of fermentation together with sodium ions, as cells of modern Selenomonas ruminantium still do [5] . In the view of the recent identification of sodiumtranslocating rhodopsins in several bacteria [6] , we performed a phylogenomic analysis of rhodopsins from sequenced prokaryotic genomes. The results obtained are compatible with the emergence of rhodopsins within bacteria followed by a "horizontal" transfer of their genes to some archaea. A prerequisite of this transfer could be the emergence of the archaea-specific system of fatty synthesis, as argued elsewhere [7] .
